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ABSTRACT

An analytical and experimental program was conducted to develop acouslic fatigue
design crreria for aircraft structures subjected to intense noise in a high temperature
environmient. Equations for the dynamic response of a buckled panel were formulated -

for simply supported boundary conditions using large deflection plate theory. Random
amplitude acoustic fatigue testing of representative aircraft structure was accomplished
at temperatures up to 600OF to provide data for correlation with the analytical results.
Empirical design criteria were developed in the form of equations and nomographs for
predicting the thermal and dynamic response of aircraft structures subjected to combined
environments. The empirical design criteria are presented in handbook format for design
use; examples and computer programs are also presented.
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LIS1 OF SYMBOLS

2 +AR /5puc t rat 0 funct ion -2(b.'a) ~j') 2
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d Stfifener heght - inzh

E Modulus of elasticty -ps

Eo Modvlus of elasticity (it ambient temperoture -psi

F1  Aspect ratio function (b a)- (a/b)

f Frequency - Hz

fo Room temnperuure fundamenrul mode response frequency -Hz

h Skin thickness - inch

I I , etc. Cross-5ection s-cond area moment of inertia of stiffening member -in4

1* Cross-section moment of inertia of stiffening member, see Equation

(7) n4

NX y Nx In-plane skin loading -lb,/in

N Cycles to failure

R Aspect ratio function, see Equation (I1)

r ~ Temperature ratio =T/Tc

SL Sound prisvwre spect.-Lm lere! - dB

T Temperature increase - OF above ambient

T Critical buckling temperature of skin - OF above ambient

Q' ,V, w In-plane displacements in x, )> and z-directions

wo Skin thermal buckling amplitude of center bay of multi-bay

panel -Inch
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I INTRODU;1CTION

A number of investigations hove been conducted in recent yercrs tr, develop and refire
0 OLJSt iC for iguu desg n C ri tri u for v Irc oft ~tretsc-i these ''vest got ions have
refined thuL des;ar. criteria for S., ferned-skirn st,-u $s, cird hlove helped to reduce the
unicertainty involved ini predicting oynamir. respurise and f-tiguc' choracteristcs of thre!
stIULUC u u sWhen subjec tud to prop-ilsir'r, systuni or ci$" rmrri-;.. rio tat amrbient temperotures.
However, when unustici stiu t-jr- ronfiguritionli or environrrrntoi -ondlitions are
encountered, the existing design methods Lccome less aPril; cble and the judgment of .'he
design engineer must bc- relied upor) more heavil,'. S' ricturol applications are cornmonly

rerr Qurj*,Cred -,odoy h i Ilh ic n f c Id of an p!.riut rng turbojet (r turbof,-i ena ine where
severe noise, high tcmperat-ares, static loading, and vibrator, uttet Cr-Ccur sm-utaneously
or in coniunction with eoch other.

11h,1 p ocrarm :xterlds tirC t ai c roesi~n tec~urology for ojmbier erTipeiu!,j: c alumninumi
str uctjres to 1rJu!kde tl'e effecrs of Y nu1 tuneous uppl caticir o, thermal and ajcousti c
environmenrs. A comp-lete ond derailed desc'Ption of rJil prograim Is p'resented ri AFFDL-

TR-3-15,PART 1, including oncly-icaI deveia~ment fo, the oynamic re.:nseaif he -t d

with tr onolyticul esults to establish emipirical Iesqr* critca in the form of equuaiions,
aihs nd cormputer proorwris,

T )n ficont results of this investigation ir-! cbstracted in this document as an aid to *he
d;'atces ;ne- The desiln met, odoiogy is presan ted In a corlvenient, abbreviated format

to routine ;s jjvarring assumiptions and conditions are discuss-d in Section

Th cruric sections dr~ineote, thrree av, Iable methods of application;

S-ctian Ill - Design Pelations for Manual Calculation

Sec (Ionl IV - De-;9 n Nomoa-aphi for Graphical Calculation

Sec tion V - Computer Progroms

rhe limiting conditions to the design methodls are discussed in section VI to give the de'.,gn
engineer a quick. guide as to the applicability of these methods to a particular desilrI.
Appendix I summarizes substructure sect.un properties as an aid in the substructure design.



II-ASSUMPTIONS AND CONDITIONS

The analyti, ol devcelopment of AFFDL-IR-/3-l 55, Part 1, i5 bused~ on certain smplifying
a-,suiriptions. Many of these initial assurnptions were rnegated by the development of the
empirical relations. The sgnifir-ant remaining ossumptions ore that!

o The temperature over the sur face of a panel bay is uniform.

o The substructure I, temperotuie-independent.

u h juctualextnofoceisanomamplitude broad-band noise with a

Gcu,,sian distribution ot amplitudes.

o Dominant structural response occui -nnly in the fundanental mcde of the panel.

The flro, of these rmust be closely approximated in practice_, Of uns.ymrnetric buckling modes
wIll occur and the empirica! relations will not be valid. The second condition implie

shoit time duration and localized exposure to the thermal environment, so that the sub-

struc ture remains at a considerably lower temrperature than th,, ,kin. The third condition
inripli'-s that the design criteria are applicable to aircruft poiered by jet engines, and ore
not app icoble to aircraft powered by reciprocotina (-r tvrboprop engines. The last of
these cc -ditions restricts the designs to consideration of single mode response which con -

prove erroneous for structures which exhibit significant multi-mode resporse.

The panel size, nomenclature, and sign conve ntin for the design eqoations are shown in
Figure 1 . This I -del represents a single bay of a multi-bay stifftunea-skifi structure.
Figure 2 Is representative of a continuous multi-bay structure, where the model in Figure I -

represents the center bay. Throughout this handbook, the simplif;cation a U2, b b2
Wib be used to describe the center bay size.

The center bay (,.r boy of interest) is shown in Figure 3 i-olated from the remainder of the
structure. The height of the stiffening member along the long side of the panel bay is
defined as d. Throughout this report the panel bay aspect ratio is assumed to be greater[ than one (b/a I1).

2
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III - DESIGN RELATIONS

Empiric al design relations for ambient and elevated temperatures are presented in this
section. Ambient temperature desi ri criteria for aluminum structures are from AFFDL-
TR -67-1562 ond .AFFDL-TR-71 1l0 7 ; elevated temperature design criteria are from
AFFDL-TP-73-155, PART I . The source of design equations and information, other than
Reference 1 , will be acknowledged in this and the following sections by a reference in
parenthesis. No attempt is mode to cross-reference equation or figure numbers. All
unreferenced criteria are fronm AFFDL-TR--73-155, PART I

A. Anbent Temperature Design Criteria

The design criteria for ambient temperatures are unchanged fram existing criteria. Only
the dynamic response of the structure is involved in the design so long as the ambient
temperature state does not cause buckling of the skin.

1 . Skin DesignI
The skin design criteria of A.FFDL-TR-67-156 are valid for aluminum structures at ambient
temperatures, The dynamic stresses at the midpoint of the long side will1 be greater than
those at the midpoint of the short side if the panel responds in the fundamental mode. The
dynamic stress at this point is (Reference 2):

-4~~~~ ~ ~ F1/ '.51f 6l].75
1 = . 6 2 x 0  El () (ba 7757.56 -8 ksi (1)

A Lv h1 5  6 (AR 8  rms

Dynamic stresses at this point are also giveii by

2~ ft
1

/
2

a :- 3.60 x 10-4 (b) 1(f)~- - ksi (2)

tThe fundamental mode frequency for a singlIe bay of a mulIti -bay struc ture is g iven by

0. 79 I /

f F hE]/-Hz I3
The ospect ratio parameters are defined as]

6
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2 2
while ~ ~ A th OUtCpesr3(b/0)

24+ 3(o/'6) 2 (4b2

whie te coutic pessredensity of the fundamental mode isA

L (S0)9
*(2.91 x 10 - ps1/V Hz(5

t Comparison of these equations shows that, for identical configurations, Equation (1) gives

higher stresses than (2). Since both ore based on the same analytical model, the difference
is in the data or' which these empirical relations ore based.- These empirical relations con
be considered as bounds for predicting dynamic stresses. The form oi the latter equation
lends itself to much easier solutocn.

Dynamic stresses calculated by these -.juotions ore used with suitable randomn amplitude
fatigue curves to estimate fatigue life. Figure 4 contains random amplitude, reversedAFbending fatigue curves for 7075-T6 aluminum and 6AI-4V annealed titanium at ambient :
temperature. IThese curves were developed from coupon fatigue tests, and the riveted 4
fatigue dlata are representative of typical riveted, stiffened-skin structure.A

EXAMPLE: A flat aluminum alloy stiffened structure is to be designed to withstand an

estimated sound pressure spectrum level of 120 dB for 5 x 107cycle.sat aminemeaue
The skin design is detennii,;d by the proazediare described below.

Assume:

o Damping titio: =0.012

o Panel width: a 4.75 inches

o Aspect ratio: b/a 1 .5 (AR 10.08)

From Figure 4, the dynamic stress for riveted aluminum (meon value fatigue curve) car-
responding to a design life of 5 x io0 cycles is 3.8 ksi rms. Using Equation (1), the -

minimum skin gage is found by

1.75 1 -4 [E ]/412 a' 4(f (b/)h 1 .62 x 10 -in
Y ax C'56 (AR'8

or
1/4 3 57

4 03 0 (4.75) 1.25 (2.9 x10-3
h .62 x 10 4.61~ (3E) 56.84

2.66 x 10-(.012) .5(10.OBY.6

0.023 in

From Equation (3), the fundamental mode frequency is

7
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i6

(0.79)(2.17) 10.3 x 1

-(,.75)(7.|2,5~ (2.66 x 10"4)(.8976)

Substituting this intu Equation (2) gives

2 I/2 2/3

3.60x -4- I(f) 1.052x 104 -in

3.60 x 10
-4 (7.125) 2(2.9 x10-3 

1.052 x,4 1/212/3

-0.013 in.

The thicker of the two skin thicknesses should be selected if skin failure is to be
completely avoided.

2. Stiffener Flange Design

The acoustic loading on the surface of o stffened panel is transferred to the substructure
predominately by a transverse shear loading, causing the open-section stiffeners to bend
and twist. The stiffener loading is reacted along the skin-stiffener atlachment (rivet) line
and at the clip attachments to the frames. The resulting flange stress is given by
(Reference 3),

V1 /
0.9 d(f) ksi (6)

f I*F 1 kils

where

2I* =0 12/I WI (7)
xx zz xz zz

This relation is valid only for the fundamental mode of the panel

The above flange stress is used in conjunction with a fatigue curve developed for flange
failures and presented in Figure 5 (Reference 3).

EXAMPLE: A flat aluminum alloy stiffened structure is to be designed to withstand an

estimated sound pressure spectrum level of 120 dB for S x 107 cycles at ambient tempera-
ture. The stiffener design is determined by the procedure described below.

9
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Assume;

o Damping ratio: -0.012

o Panel width: a 4.75 inches

o Aspect ratio: b/a -- 1.5(F 1  
= 2.17)

From the previous example, the skin thickness is taken as h 0.025 inch, for which the __

fundamental mode frequency is

4f 1.052 x 10 x 0.025
= iad tiz

The stiffener is a zee section 0.040 inch thick with a flange width of 0.75 inch and height
of i .7.5 inch. The sect*ion properties give a value of 1* 0.01255 inch 4 . (See Appendix
I for section property calculations.)

From Equation (6), the flange stress is

0.0121(7.125) 3(1 .25)(2.9 x 103 231/f(.01255)(2.17) L. 2J

= 2.19 ksi
rm s

7From Figure 5, the life is estimated to be N = 1 .0 x 10 cycies, or slightly less t!jn the
design requirement.

The above procedure should then be repeated using a thicker or deeper zee stiffener until
the desired life is achieved. It is also possible to reduce the stiffener spacing, thereby
increasing the fundamental frequency and perhaps altering the excitation (dependent on
the excitation spectrum shape). However, it must he reme~ibered that changing the
spacing or skin thickness alters the skin stress, resulting in a conservative skin design.

3. Damping of St;ffened-Skin Structures

The estimation of a damping value for structural design is normally based on previous test
data for similar structure and the experience and judgment of the design engineer. To aid
the individual designer in this task, the damping data from this and other programs 2 5 were
plotted versus frequtiicy, and the resulting plot is presented in Figure 6. All of the daa,
except those from Reference 4, are for fundamental mode response of stiffened-skin
structure. Although the data scatter is such that no definitive estimation criteria are
derived, some general observations may be drawn:

: _ . .= . . . ... .. .. __. -: " ': "::~ n_- ': -- " :: .. . .... .. . ... ....... .. .. ..
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o The data of Reference 4, which included response of a single panel bay through
the (3,3) mode, were modeled by an equivalent viscous damping, whereby the
damping ratio is inversely proportional to the forcing frequency. The data were
thus represented by an equation of the form

1 .13S11 .0/f

A similar curve was established by Reference 5;

C 3.6/f

Both of thete representations ore shown in the curve of Figure 6.

o A similar approximation was established through the data points of Figure 6, with
the slope taken as an average of the Reference 4 and 5 slopes. The equation of
this approximation is

1 07
=3.5/f

o The mean value, for the fundamental mode, of al damping data shown in Figure 6

mean 0.016

This mean value con be used in lieu of definitive test data for a particular con-
figuration.

o The upper and lower bounds of all measured data are ' z 0.038 and Ci 0.0056.
Application of these bounds on damping ratio will provide limiting values for
dynamic stresses.

The forecgoing may be useful for rough estimates of structural dcamping. The actual choice
of damping ratio is left to the judgment of the design engineer, with the above offered as
a guide.

B. Elevated Temperature Design C, iteric

The elevated temperature design criteria are used in essentially the same sequence in
which they are discussed in the following subsections. Since more than one method of
application is available, all the criteria will be summarized and then followed by
examples of their use.

13



1Skin Buckling Temperature

The critical buckling temperature of a single ponel, such as that shown in Figure 3, is
defined as the temperature increase at which the skin buckles and is giveu, by

2
6. 25 h F1

T V-tv F above ambient (8)

The temperatture ratio is then defined as

r T/I (9)
C

where T is the temperature rise of the structure above ambient.

2. Skin Buckling Amplitude

The maximum skin buck'ing amplitude, at the m'idpoint of the panel bay shown in Figure 3,
is given by

W 2. 50h F n ~ j-inches (10)

where R is on aspect ratio parameter defined as

2 2

3. Thermal Stress

Thermal stresses due to in-plone expansion and skin buckling are given by the following
equations for the midpoints of each side:

o Midpoint of the panel bay long side (y bl/2)

= - E'T 0.82 E W ~ b 012-

x ~ ab(1 2)~ \2

o Midpoint of t__pne _by _hotside (x =-a/2)

0 ( a- b 3ksi (13)

- 14



isuulygetrta hta h etro n ogsd.Ti sopst h nThermal stresses must be computed ot the midpoint of bot16 sides, since the short side stress A

tudes of the dynamic stresses at the two locations. The above relations can be simplified to

~, .- *10(14)
x T x y T4  yb

where the respective parameters are thne In-plane expansion and bouckling s~resses as
inferred from Equations (12) and (13).

4. Elevated Temperature Frequency Response

The fundamental mode frequency at a temperature increase. T, isgiven by the following
equations for the indicated temperature ranges:

f(r) f Q0.60 40.40(1 -r) Hz ( 1r1

fLO.0 0.44(r - )~ ~ -Hz (r (5

5. Dynamic Stress

Dynamic stresses at any temperature can be computed by the following equations for the
indicated locations:

o Rivet row at midpoint of long side

2 [ Ff(r) 1/"2

x 601 /(~ AR rms

o Rivet row at midpoint of short side

2 -1/
-4 a A(f) If(r)I 2

~13. 0 x104(. ~ ~ ksi (7

The elevated temperature panel respons/e frequency, f(r), must be used for these computa-
tions. The stresses at both locations must generally be calcu!Cfed for elevated temperature
applications because of the interaction of the thermal and dlynamic stresses.

EXAMPLE, A flat -tructure is to be designed for ,: service life of 100 hours at a sound
pressure spectrum leve-l of 140 dB and a service temperature of 500'F . Stainless steel
PH I15-7/,Ao is selec ted as the alltoy to be used for this .truc 'ure.

15



Assume:

o Panel width: a 6 inches

o Atpect ratio: b/e 3.0 (F1I1  3.33)

o Skin thickness: h =0.050 inchj

o Damping ratio: 0.016

o Ambient temperature: 80 0F

A fatigue curve for the selected alloy at the design temperature was obtained from MIL-
H-DBK-5B6 to give the effects of miean stress on fatigue life. (The compressive mean
stresses were extrapolated.) This axial loading, constant amplitude, fatigue curve was
converted to an equivalent random amplitude fatigue curve (Figure 7) using the method of
Referince 7.

From MIL-HDBK - 513, the alloy properties are

y (.277/336) '7.17,K1 4l e /in4

c 6. 1 x W 0 6 in,/in,/af U 5000F

E =29.0 x 10" 60 0. 80F
0 6 o

E -26.97 x 10 psi 2500 F

The skin buckling temperature is calculated from Equation (8).

25.25(.050) (3.33) -

-6 50.3 F above ambient
c(6.1 x 10 )(6)(18)(1.32)

The tpmperature ratio is then

r420/50.3 8.35[rmEuto 9 h setrtoprmee scluae rmEuto 1)a
frm qutin 9. heasec ato armee Riscacuaedfrm quton(1) a2i

R 3[4.8976(3.33) -2(5.32)(.68)] 141 .2

The buckling amnplitudo can then be computed from Equation (10): ;

the O m :.u displac5)(ment, of th 0.235 inch

(hsi14). iiu islcmn, ttecntro h bay, caused by the 5OC F thermal
envionmnt.Thenex, sop i tkcofputtio ofthe thermal stresses, usir q ec~uations

16
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q6 -- --

(26.97 x 106 )(6.1 x 10)(42) 01.5 ksi0.68

b  (6)(18)(.8976) 3 .0)11 .8976) 4 .J10

1(.66)(26.97 x 10)(.235)2 [ .8976 71 )

yb (6)(18)(.8976) (32)(301 = 40.6 ksi

and then

a z -101.5+ 73.1 - -28.4 ksi
x

a y- -101 .5 + 40.6 - -60.9 ksiyi
The ambient temperature fundamental frequency is found from Equation (3) as

[6
(0.79)(3.33)(.050) 29.0 ,X I r2 Hfo - - - - 6 Is - - = 259 H z

(7.17 1 )(.8976)

Then the frequency response at a temperature of 500OF is computed from Equation (15 as

f(r) f 0. 60+ 0.44(7.35)1/2 - 1.79 f 464 Hz
0 0

The acoustic pressure density corresponding to a spectrum level of 140 dS is

(f) = 2.91 x 10 (140 /20 )9 2.9 x i0 - 2 psi/Hz

using Equation (5). From Equation (4) the aspect rutio parameter AR is

2 2
AR = 3(3.0) 3/(3.0) -

4 2 = 29.33

This then allows the computation of the dynamic stresscs using equations (16) and (17):

-4 ., , -2 _, _ 2. 1-2 ] 1112
3. 6 10 F ~oT-2 i 7.86 ksi

yL.2 JL - J rinr

Enter the fatigue curve of Figure 7 (K t "-4) with the dynamic stress 7 x =  7 .86 ksirrns anti
therr-jl mean stress o, -28.4 ksi. This combination pives a life of approximately

-18
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4.5 x 108 cycles. Using the y-direction stresses, ay,, = 3.15 ksirms and Cy -60.9 ksi,
gives a IUfe greater than IOW0 cycles.

At c, frequency of 464 Hz, the life is then determined by using the minimum cyclic life,

8-,N 4.5 x 10
Life N - 4 )= 269 Hours-Tr (3600)(464)

5E which is greater than the 100 hour design requirement. The design is optimized by itera-
tion (.n the above procedure to decrease the skin gage or increase the stiffener spacing
such that the predicted life is equal to or greater than 100 hours.

I'y
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IV - DESIGN NOMOGRAPHS

A useful tool for the design engineer is the design nomograph, which graphically displays
an equation for rapid solution. The empirical relations of the preceding section were
formulated into sucE nornographs and are presented in this section.

A. Ambient Temperature Design Criteria

I. Skin Design

Design criteria for stiffened-skin aluminum and titanium structures are displayed in Figure 8
(References I and 2). This nomograph is applicable to 7075-T6 aluminum and 6AI-4V
titanium.

EXAMPLE: A flat aluminum alloy stiffened structure is to be designed to withstand an
estimated sound pressure spectrum level of 120 dB for 5 x 108 cycles. The skin design
is determined by the procedure described below.

Assume: a Damping ratio: 0.012

o Panel width: a 4. 75 inches

o Aspect ratio: b/a 1.5

Enter the nomograph, Figure 8, with the design iife, and follow through the nomograph,
as indicated by the arrows, to obtain a skin thickness h = 0.032 inch.

The fundamental frequency is estimated from Figure 9 (described in the following subsection)
as fo = 340 Hz. At this frequency, the service environment spectrum level is checked with
he spectrum level used above. If necessary, an iteration is made to obtain agreement.

20
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2. Fonrarmerital Mode Frequency

The fundamnental mode frequency for a single bay of a multi-boy structure is given by the
nomogroph ofi Figure 9. This nomograph was developed f"~ a constan~t value of Poisson's
ratio, v= 0.32. The chart was simplified by taking advantage of the essentially con-
5tant ratio of E,'/Y for most aircraft structural alloys. An average value of E,= 3.98 , 101

iy/sec2 was used; this is on average of the ratios for olumnium, titanium, stainless steel,

*EXAMPLE: The frequency of the structure used for the preccdcing example is desired.

Panel width: a = 4.75 inches

Aspect ratio: b/a =1 .5

Skin thickness: h = 0.032 inch

Follow the arrows through the nomograph to obtain

f 30Hz

22
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B. Elevated Temperature Design Criteria

The examples of nomograph use shown in this subsection are from the example given in

Section IIIl. B.

1 .Skin Buckling TemperatureJ

The critical buckling temperature of ui s;ngle bay of a mu~lti -bay structure is given by the -

nomograph of Figure 10. This nomograph is based on a constant value of Poisson's ratio,
0.32.

The temperature ratio is then defined as

rT/Tc

where both the skin temperature, T, and the critical buckling temperature, Tc, are
measured relative to the ambient temperature.

7a
EXAMPLE: The skin critical buckling temperature is desired for the structure of the
example in Section lIIIB

Panel width: a = 6 inches

Aspect Ratio: b/a 3. 0

Skin thickness: h = 0.050 i nch

Coefficient of thermal expansion: ai 6.1 x 10 -6 n/ irv'0 F

(PI115--7Mo Stainless Steel)

Followv the arrows Trrrough the nomnogroph to obtain

T 50'F above ambient,j

then the temperature ratio is

r =420/50 8.4

24
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2. Skin Buckl~rG Amplitude

The skin buckling amplitude is given by the nomograph of Figure I I' This is the maximum
1 buckle amplitude on a single bay of a multi-bay structure; it occurs at the midpoint of the

boy . The nomograph was developed for a constant value of Poisson's ratio, v =0.32.

A The buckling amplitude is dependent on the temperature ratio as given by the nomograph
4 of Figure 10.

EXAMPLE: The skin buck ling amplitudle is desired for the structure of the example in
Section I II. B.

Skin temperature: T 420'F above ambient

Panel width: a 6 inches

Aspect ratio: b/a 3.0

Skin thickness: h =0.050 i nch

From the preceding example, the temperature ratio is r 8.4. Enter the nomograph and
-~ follow through the arrows to obtain the buckling amplitude

W 0.24 inch
0

26
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3. Thermal Stress

Thermal stresses due to in-plane eyponsion and skin buck ling are given by Figures 12
through 14. The thermal stresse, are then the sumi of these component stresses in the -

applicable direction:

o Midpoint of Finel long side, in x -direction

0 Midijoint cf panel short side, in>y -direction]

aC C T+0 -

Yb

The in-rIane expansion stress is compressive H-, while the buckling stresses c anda

are tensile H;) the sign must be maintained throughout the computation.

T h' value of Poisson's ratio has been held constant at v= 0.32 for development of these
r'.rnographs. L

The skin buckling amplitude from Figure I1I is required for solution of the thermal stresses.

EXAMPLE: The thermal ;tresses arc desired for~ the struc;ture of the example in Section 111 .6.

Skin temnpera _re: T = 420'F above ambient

Pooe; width: a 6 inches

Aspect ratio: b/a =3.0 -

Coefficient of thermal expansion: a -6.1 x 10 ir,'irV/'F @500'F

Modulus of Elasticity: E 2 6. 9 7 x io0 psi @d 500' F

Enter Figure 12 with the requred parameters, and follow the arrows to obtain

CT -100 ksi

From the preceding example, the skin buckle amplituae is 0.24 inch. Enter Figures 13A
and 14 with the buckle amplitude W0  0.24, and fol!ow the arrows through the nomograph
to obtain

C ~75ksi, 0 -40ksi
Xb Y

Then
ox -100 +75 -25 ksi

o =-100 +40 -60 ksi
y

28
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4. Elevated Temperature Frequency Response

The fundamental mode frequency decreases with increasing temperature unt'; the skin
buckles; the frequency then increases with further increases in temperature. The nomo-
graph of Figure 15 gives the elevated temperature fiequcncy response as a function of

* the ambient temperature frequency.

EXAMPLE: The elevated temperature frequency response is desired for the structure in
the example of Section 111.B.

Skin temperature: T 420*F above ambient

*1Panel width: a 6 inches

Aspect ratio: b/a =3.0

Skin thickness; h =0.050 inch

From the preceding examples in this section, the temperature ratio is r 8.4. From
Figure 9, the fundamental frequency for this configuration is found to be

f = 260 Hz
0

From the nomograph of Figure 15, the frequency ratio is

f(r)/fa 1 .8

from which the frequency response at the temperature, T, is

f (r) 1 1.8 fo 1.8 (260)' 468 Hz

71
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5. Fatigue Life

The nomograph of Figure 16 is used for elevated temperature applications for 7075-46
cluminum a, tenriperatures of 1500 cnd 300'F and 6AI-4V titanium at temperatures of
400' an 60'1"F. This nomograph includes thermal mean stress effects itn the data,
thereby negating the need to compute these parameters.

EXAMPLE: A flat aluminum (7075-T6) structure is to be designed for a service lfe of -
100 hours at a ,ound pressure ,pectrum level of 120 dB and a service temperature of 300 0F. -

Assume: o Aspect ratio: b/a 3.0 (F11 = 3.33) 1
o Dampinq ratio: C =0.016

o Ambient temperature: 80°F

As a first step, assume a frequency, at the service temperature, of 300 Hz. Then the
life in cycles is8

N = (300 Hz)(100 Hrs)(3600 sec/Hr ) 1 .08 x 108 cycles i

Enter the nomograph cf Figure 16 with this life and follow through the parameters to the
skin thickness chart. Several spacing/skin thickness ratios are now possible, all of which i
will meet the design life goal. Assuming a skin thickness of h = 0.050 inch, the panel
width is found to be a a 5.0 inches.

At this point a structural configuration is defined, however, the assumed frequency must
be checked. Compute the fundamental mode frequency at the ambient temperature using
Figure 9, (fo = 390 Hz) then compute the skin critical buckling temperature using Figure 10,
where or= 13. 5 x 10- 6 in/in/*F from Figure 18; (Tc = 33*F). The temperature ratio
ii then

r = T/T = 220/33 = 6.7c

Figure 15 then yields the frequency ratio f(r)/f o =1 .65, and the elevated temperature
frequency is

f(r) = 1 .65 f =1.65(390) = 645 Hz
0

Since this frequency is greater than the assumed frequency, the anticipated life will be
less than the design goal, hence an iteration is necessary. The above procedure is repeated
using the calculated frequency of 645 Hz at the design temperature. One or more itera-
tions may be necessary to obtain agreement between the initial and final frequency (or
design life).

Several spacing/skin thickness ratio conbinations may be derived using this method and
the weight of each calculated to obtain a rainimum weight design.

This method may also be used for structural temperatures different than those indicated on
the nomograph by assuming a linear relationship between the temperatures shown and
interpolating.
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6. Application of the Design Procedure ifsj

At least two alternative methods of application ore possible using the elevated temperature _

design criteria. The first of these, and the most direct, involves the use of the life design -

nomograph, Figure 16. The alloys and structural temperatures must match those for which
the nomograph was developed. An example of the use of this nomograph was presented in
the preceding subsection.

a. Mean Stress Fatigue Curve - An alternate design method involves the use of fatigue
curves where the mean stress effects are known (see Figure 7). This method can be empioyed
where the alloy or temperature does not coincide with those of the Figure 16 nomograph.
The following example is identical to the example of Section IIl.B and to the examples used
on each of the design nomographs of this section. It is presented here to summarize the I
application of the design chart section.

EXAMPLE: A flat stiffened structure is to be designea for a service life of 100 hours at a
sound pressure spectrum level of 140 dB and a service temperature of 500 *F. Stainless
steel PH15-7Mo is selected as the alloy to be used for this structure.

Assume: o Panel width: a = 6 inches

o Aspect ratio: b/a = 2.0 (F1 1 
= 3.33)

o Skin thickness: h = 0.050 inch

' Damping ratio: C = 0.016

o Ambient temperature: 80°F

Figure 7 shows a random amplitude fatigue curve with varying mean stresses for the 2
PHI5-7Mo aI loy.

From MIL-HDB.K-5B, the alloy properties are A

y 277/386) 7. 17 x 0 - 4 lb-sec 2/ in4

1-6=
Cr 6.1 x 10 irVi/F g 500°F

6
E = 29 .0x 1 psiC'RT

0

E = 26.97 x 106 psi Ca 500'F

The skin critical buckling temperature is found from Figure 10 as Tc 50°F above ambient.
Then r = 420/50 = 8.4 and the buckling amplitude is Wo = 0.24 inch from Figure 11.

The thermal stress components at the midpoints of the two sides are found from Figures 12
through 14, or

aT  -100 ksi

a =75ksi; a 40ksi
b Yb
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Then the thermal (compressive) stresses are
0 =aY + a  =-100 +75 = - 2 5 -ks i

x T xb

a a -100+40 - -60) ksi
y T Y

The ambient temperature fundamental frequency is fo = 260 Hz from Figure 9. Figure 15
gives a frequency ratio of 1 .8, corresponding to a temperature ratio of 8.4; then

f(r) = 1 .8f = 1.8(260) = 468 Hz

The dynamic stresses are then computed by Equations (16) and (17):

0 Midpoint of panel long side

3.60 x 10- L0 18 2.98x 102 - 2 7.89 ksir

0 Midpoint of panel short side

a 13.0Ox 10~ i 29 xio0 468 ]12 3.17 ksi

29.33 p0.06 rm

The value of W) = 2.9 x 10- 2 is the acoustic pressure density corresponding to 140 dB
(Equation (5)), while AR = 29.33 is the aspect ratio parameter (Equation (4b)).

Enter the fatigue curve of Figure 7 (Kt = 4) with the dynamic stress ax = 7.89 ksirms and 8
thermal mean stress ,, = -25 ksi, This combination gives a life of approximately 4.5 x 10
cycles. U~ing the y-direction stresses, y3.17 ksi rms and y = -60 ksi, gives a life

greater than 1010 cycles. At o frequency of 468 Hz, the life is then determined by using
the minimum cyclic life, 8

LIFE = N 4.5 x 10 267 Hours
6 ,of (: 00)(468)

which is greater than the 100 hour design requirement. The design can be optimized by
iteration on the above procedure to decrease the .kin gage or increase the stiffener spacing
such that the predicted life is equal to or greater than the 100 hour design life. Alterna-
tively, the above design may be used and the additional estimated life used as a safety
factor.

A comparison of the results achieved here (using the design charts) and the results of
Section 111.B (using the design equations) shows a difference of only 2 hours (less than 1%
error) on the final life. Hence the accuracy of the graphical melhod u" sulution is com-
patible with that of the computational method.

37
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After optimizing the above design, the stiffener flange details can be determined using
the method of Section III A. The elevated temperature response frequency calculated
above 0i.,j., f(r) - 468 Hz) should be used for this computation. The fatigue duto Lsed
in the skin design (i.e., Figure 7lfor this example) may be used for the stiffener design
in lieu of a fatigue curve developed specifically for stiffeners at the elevated temperature.

-A1

A
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V - COMPUTER PROGRAMS

A digital coinputer program is presented here for calculating the dynamic response and
life of a multi-bay, fat tiffened-skin structure exposed to simultaneous acoustic and
thermal environments. Five sub-proarams are required for the dynamic analysis program.
These programs were developed for the Un' , .ac 1106 computer using Fortran V; however,
the programs can read ly be adapted to any digital ,.omputer.

A. Analysis Program

The input data format for the analysis program ;4 shown in Table I and the input
- parameters are defined in Table II. The computer program is listed in Table III while

Table IV contains a sample of the output format.

S. Sub-jogrms Required

The following sub-programs are required for this analysis program: -

ETEMP (T, IFF)

ALPHA (T, IFF)
SN (SDYN, STEMP, TEMP, CTF, IFF)

CTEMP (TCALP, TC, IFF)

PROP (OPT, B, H, T, A, RJ, GAMAT, XIP)

The input and output parameters for each sub-program are given in the following sub-
sections. A listing of each of the sub-programs is contained in Tables V through IX.
Since each of these sub-programs are either functions or subroutines, the input and
output are controlled by the calling program.

S1. Sub-programs ETEMP and ALPHA
These functions compute modulus of elasticity and coefficient of thermal expansion,
respectively, for aluminum and titanium alloys as a function of temperature. The basic
alloy properties are from MIL-HDBK-5B, and are shown in Figures 17 and 18. The input
parameters are:

T - Input Temperature at which elostic modulus or coefficient
7, of thermal expansion desired -OF

IFF -Alloy code,

1 Titanium Alloy (6A1-4V annealed)

= 2 Aluminum Alloy (7075-T6)
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2. Sub-program SN
This suroutine computes the fatigue life of aluminum and titnium alloys as a function
of dynamic u,.d iermal meun s resses. The iput parameters are:

SDYN - Dynamic Stress - ksi rms

STEMP - Thermal (or Mean) STess - ksi

TEMP - Temperature - OF

IFF - Alloy Code,

1 Titanium alloy (6A1-4V annealed)

2 Aluminum Alloy (7075-T6)

The output to the calling program is:

CTF - Life in cycles to failure

3. Sub-program CTEMP
This suroutine computes tha skin critical buckling temperature for aluminum or titanium
structures. The inpur parameters ore:

TCALP - Product of critical buckling temperature and
coefficient of thermal expansion; computed using
Equation (8).

IFF - Alloy code,

=1 Titanium Alloy (6A1-4V Annealed)

= 2 Aluminum Alloy (7075-T6)

The single output parameter to the calling program is:

TC - Critical buckling temperature - 0 F above ambient.

4. Sub-'program PROP

This program computes stiffening member properties such as area and moment of inertia.
The basic relations are from Reference 3 and are shown in Appendix I. Two different
sectional shapes are available, a zee or a channel section, with the parameters described
in Appendix 1.

The input parameters are

OPT - Option code to select sectional shape,
0 zee-section

1 channel section

B - Flange width of stiffening member - inch

H - Height of stiffening member - inch

T - Thickness of stiffening member - inch
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The output parametcrs to the calling prGgram are:

A - Cross-sectional area - i 2

Rn - St. Venant's Torsion Constant - in4

' - GAMAT -Warping constant for thin-walled open-section -
beam, wi~h the pole taken at the shear center - in6

XIP - Polar moment of inertia, referenced to rotation
about the ottachrrent point - in4  -
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DYNAMIC ANALYSIS COMPUTER PROGRAM INPUT FORMAT

CAkD 1L NAM~E NCASE IFF

1O(OMT (12) 3(12) j
CARD 2

NAME OPTX BX FIX TX_____

COL(FORMAT) 1(02) 3(F8.4) I1 (F8. 4) 19F8. 4j
CARD 3

NAME OPTY BY [ HY T

COL(FOR MAT) 1(12) 3(F8.4) I I (F8.4) IY(F 8. 4)

CARD 4

NAME A] A2 B2 81

COL(FORMAT) 1 (F8.-4) 9(F8. 4) 17(F8.4). 25(F8.4)

CARD 5

NAME TS RHO RNU £iAMP

COL(FORMAT) I 1(FB. 4) 9(F8. 4) 17(F8.4) j 25(F8.4)

CARD 6

NAME I PSL T

COL(FORMAT) I (F8. 4) 9(F8. 4)
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TABLE 11I

DYNAMIC ANALYSIS COMPUTER PROGRAM

INPUT PARAMETER DEFINITION

NCASE Two-digit identification number

1FF Alloy identification code,

=1 Titanium Alloy (6AI -4V Annealed)

=2 Aluminum Alloy (7075-T6)

OPrx

BX j Input parameters defi..ng stiffening member parallel to

HX I' -direction - see Sub-program PROP for definition

TX

OPTY

BY Input parameters defini.ig stiffening member parallel to

HY y-direction - see Sub-program PROP for definition

Al]
A2 J Panel bay dimensions -see Figure 2

B2

TS Skin thickness - inch

RHO Weight density of skin and stiffening member alloy - l/;r 3

RNU Poisson's ratio for structure alloy

DAMP Damping ratio for structure

PSL Sound pressure spectrum level - dB

T Structure temperature rise O F above ambient
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TABLE III

COMPUTER PROGRAM FOR ELEVATED TEMPERATURE
DYNAMIC RESPONSE OF STIFFENED STRUCTURE

1 C THIS PROGRAM CALCULATES THE DYN4AMIC RESPONSE OF

2 C A NINJE-BAY FLAT STIF-ENED PANEL EXPOSED TO A
3 CUNIFORM ACOOATIC PRES-,URE AND0 A UhIFORM, TEMP- +

4 C ERATURE RISE. ROOM TEMPERATURE IS 80 DEGRE'LS Fe
5 C

t) C T IS A TEMPERATURE RISE# ABOVE RO'DM TEMPERATURE i
7 C

h C SUBPROGRAMS, REQUIRED: ALPiA (T v1F!1 ETL',WP (T t F-i
U C SN (SDYFJ vSTEMP #T PCTF vIFr )t, CTEMP(TCALP tTC, IF, (p

Ili C AND PROP(OPTtBPHtTvAtZJPWCtPIPi

12 C FUN CTIOFN DEFINATION4
13 C

F (B ,A IB/A +A/B
lb ~ R(BtAtPRI=3.*( (5.-PR*'2)*(B/A+A/B)* .2-' .*(S).+PR)

17 20- READ (5 t301) NCASE tIFi
PEAD (5t302)OPTX .bXPHX TX
READ (bp302 (OPTY ,RY .HY.Ti'

2!,, READ() o301 ) K
21 READ(b#303)AI tA2E32#bl

RE EADO(b t3U 3)T7 PRHO o rJiuDAMP
235 PEAD(5p303)PSLPT
2. C INPUT DATA FORMAT ST ATEMLIJTC
25) 3&1 FOR,-AT i2 12)

L, r532 F0RPM A T (12 t 3F 8.L4
27 3U3 FORIMAT (4F8.4)

C CALCULATE SJB5TW~JCT1JHE POP-EPTIES
CAL;- PROP (OPTX PBX PHX PTX PAX oAJDWCXoXI
CAL' PRO-iPTY,3Y,'-YTYAYYJV;CYYI)

C CALCULATE. 'IIF CHi : (ITIPF 11El. AIJUUA
RX1ZI.5=0 *A I IA 'YJ/U'.CX* 1 W P~
P X 2Z t),) 6 ,A 2 LA2 X .J/o' iC X I 1 WH

7 P Y 1:-- 0 0 *B 1 iUI.Y J(Y.C Y 1 * :-P
R Y 2=0. (it: o A B2 I 12 1YJ/(WC Y (I W[?PF)

KYX=V;CX* t I O X f. (A2/A1 I I * iLX I i/A'2

i Y =tC Y*I I? Y L+ j*4 (12/13 1 (1 *d IY) /B32

rTH147.3. 71t.f5* C .- ['k (I'1< I -( X f',t<Y / (1314 A L,.)

AI5=AI/A2)* 3
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TABLE III (CONTOD

WJ2 + Y I * b2 (1 * 2. * i *3) (A 2 * A;
C CALCULATE COVE", 511E T ',TIP UlEc, AnD MA"

F2 IA2A2
F21=P(B2pAI)

F1 =F(6lAl:
FIL,= 2 *F2 4-*A /2 *2 +2 -

I 42.*(I3/2)4tl2*tl2+4.* (Al/2) *(bl/i$2)*Fl 4F
C P~O P4 TEMP' cT IF, IjEc,

I *A 21112)

C PQ r-l TE:,'iI> FFEo~IILlIJCY i
C CALCULATE HO0 M TEIAP MEAnJ SC UANE STHLJ; RELPOW cE14

c:AAR=3.*(32/A',* 2+3.+(AL/b2)* 2+"-#

C CO!IVLkT L)[ TO P' II

C CALCULATE RO M TEm, D)YIJAMIC STRES'. AT X=Q#Y=B2/12
t,7 SXU"* 3(*b2st32*1 C_, T(Fu/DAMP *C,'PL/ (H*H4AR.

C CALCUJLATE PC) M TEfAP DY(NAY-IC c TRE!$ AT X=A2/2pY=U

C.COtN\/EIT ScrPEC. FiOM Pl I TO KI

7C CALCULATE Nro m TE-m1PERATUPE. LIFE 1
CAL C_3I(cXU,.!I8U.I,,CTF1,IFl
CAL' I J i( tY U P * 'p t3u * U CTF2 lI

78 x2zo. 1
71) Y2:H2/;:.

HI C PHIIJT HO *M, TEIMPENATulHE RESPOW E

63 (30 TO(20lo2U2)olI-l
64 ~ 2 01 ,-.,ITE 6p401t) 11CASE

h') (3O 10 203
8 t 2 0;? WR I T L ( b4u o [JNCASE

Hi 203 wHITE(bL+1O) Pc$..T

W) 'WR I TE (b 4 1 ) F
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TABLE III (CONT'D)

OI TE (t)e 42b)l
VJH TIrb o 4.3u) X2 tY2.pSXi#,TEAW# C I1

C THERMAL S)THE', EV LCcs
~r) C

'J7 I2 =1 (bt2 fA? #PP)
P 21 =1 (B 2 oAI # PP
H 12 =H (BI eA2 vPi
HI Ri =R(L31.A i~k U

1WF2cF2'*(F2-+. j*(A I A2)*2iF')1 (B d1 /1 2) 2 F 12
1W 1 +4.*(A I/A- ) * L 01/32 2-f I
1 ~3 RST=P2 +).*A3 4i 12 +.I-M3 f 21 4 . A3F13 M 1

1! 4 PLR)= F 1c, +TP )/F21.
1~~ C CALCULATE CHITICAL TEMPERATIi E ' I'Ev rCI

I 6o TCALPt. 2')*t1 :iIF2/ (A t32 (.$-RV
10)7 CAL CTE:AP-(TCALPTCH#IF.)
]()8 C * HOTE* TCA PijU RS APE [3UCKLIIJS TEMPER AMWE
101) C ANDO TEIMPEHATUkE IPATIO FOR All EQUAL

]i C SIZE SIMPLE PAfIEL, R9 IS TEMP RATIO
C FOR (AIIE-BAY PAN4EL -

1 2 TCAMTCP/1'0
1.5 RS=T/TCA
1 -4 R9=T/TCR

TACT=T+80,IU
1L) C CALCULATE MATERIAL PROPERTIES AT TEMPERATURE

17 ES=ETEMP(TACTPIFr-)
ALP=ALPHA(TACTvIF!V)

1D= * DZ083'*ES *H3/ ( I-PRWRP
120 C CALCULATE RES2IOKSE FREQUENCY AT TEMPERATUPEPT
121 SKT=D*F2S*RO/(A2*B2!
12,. FGT=O.809*SGRT (SKT/SKM)
123 C *1NOTE*i FQT=FOP PJOcM TEMP FREQUENCY
124. STLIN4-ES*ALP*T/(l.-PR)/ 10uJ.U
125 IF (RS-R0)20bev205#210
126 C PRE-BUCKLED RESPONSE
127 205 FTEMPFQT*(0.60+0,40*SQRT(l.-R9))
128 SXT=STLIN
129 SYT=STLIN
130 W00
131 GO TO 215
132 C POST-BUCKLED RESPONSE
13,5 210 FTEMP=FGT*(O.6O+0.44*SGRT(R9-1.))
1.Z4 C CALCULATE PLATE BUCKLING AMPLITUDE, WO -

1.5b Wfl=(3,37-0,20*R0)*H*SQRT(F2S*RO*(R9-1.)/RST)
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TABLE inI (CONT'D)

13b C CALCULATE THI iEHMAL cSTRE, ZI
137 Cl~l./(A2*82*(1.-PR*PRfl
138 SXTZSTLIN4-0.81*ES*C1*C (2.-PR*PRI*tB2/A2+A2*PR/B2)
139 1 *oWo~w/ 100;. 0
14+0 SYT=STLIN+1.36*ES*Cl*(PR*B2/A2H?2.-PR*PR)*A2/B2)
141 1 *wO*WO/oouU.o
142 C CALCULATE DYNAMIC STRES'j
143 215 CONTINUE
144 C2=SQRT(FTEMP/FO)
145 SXO=C2*SXO
146 SYO=C2*SYO
147 C CALCULATE ELEVATED TEMPERATURE LIFE
148 CALL SN(5X0#SXT#TACT#CTF1,IF )
349 CALL SN~C>YOeSYTeTACT#CTF2tlF"
IbO C PRINT ELEVATED TEMPERATURE RESPOIJSE
151 wRITE(bu43b)
Ib2 TA=TCR+80.0
153 WRITE(be4-iO) TOR
154 wRITE~b,b) WO
lb' WRITE(b,416) FIEMP
I bb VRITE(b1.420)
I b7 WHITE(bD425)
I jb5 WRITE(6#430) )X2Y2#SXUSXTCTF1
15~ 9wVRITE(b,430) XlpYI# , Y0#'JYTpCTF2
lbO G0 TO 2U'-
lI C FORMAT STATEMLIJTS FOR OUTPUT DATA

140 FOW4AT( III 2t),'DYJAMIC RESP-'O4E OF A'./tl9Xe
1 t)3 I 'IlE-B3AY S TIF' EIII'O PAIJEL EXPOSED TO* o/,2lXt
Iu4 2#ACO'TTIC EXCITATIOIJ AiUL )IATIII(, #/)

i W) 4 0) F OPMArT(29XI I AT /, C A';IE I 4 p/ / o2 7X i,"A TEPIAL :TIi ;IIIJ,
I r) '4(lt FORMAT ( 2)Xt'D.AT: C,,', 14o/,'p2 1Xol,'ATEIIAL :ALIJMAIIJ.'

1r, 4101 FOR~MAT (.X.'EXCITATIOIJl Y'ECTHI1J!M LEV'UL = l#FL4.UlxIX, 1 t3'
1 13XtITEmPLmATJkIE liC' EA ,t = TF4.U, iX. DEG. F' .1.

101 ~ L 4 bt FORM''AT (214Xtl 1,'k 1 TE;4 PLPATlJ'E --L P~l'E ' '
171) 41h FOYMAT (2(JX. ' !21111A'.FT I FIfflu!'JLCY =' ,F7.lo . ' I)
171 42C '-'IAAT 5 X . 'THE', AT PO1Hl o3X' , * DYIJAIC '%TY[S t3X
172 1 'THLiVrAAL ':T!REc iv3X# CYk.LE) TO F AILUPE')4

1 7% 1 3' FOil*.IAT t 2 y I LL vAA) T[A,'I")' iATI)lKE :E[CiPOf ,E. f p

17 1.' AHOVE W) 14 TE,-PhkAT' V*E. I p /

1~ 4 F 0-Q'0lAT j HY ftIJCKL 11IG A 'L T'JDE #F B.

I E I i
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TABLE IV

OUTPUT FORMAT FOR DYNAMIC ANALYSIS COMPUTER PROGRAM

DYNAMIC RESPONSE OF A
NINE-BAY Sl IF EN'I D PANEL LXPOSED To

ACOUSTIC EXCITATION AND HEATING

DATA' C, SE 4 -

MATERIAL : ALUMINUM

EXCITAI ION SPECTRUM LEVi:L = 135. DB TEMPERATURE INCREAS = 2 u. DEC,. F

RO' M TEMPERATURE IkLSPONSE

FUNDAMENTAL FREOU'.NCY = 175. , HZ

STRE, AT POINT DYNAMIC STRES THERMAL. STRES CY-LES TO r-i\ILUR<L

X Y KSI KSI

.00 6.u: 6..U 76 .u 6.4 3 l'u

3.0 .u, 5.48t .U 1.U3 4 7

ELI VATED TEMPERATURE RESPONSL

BUCKLING TEMPERATURE 1:.01; DEG. F ABOVE RO()M TEMPERATURE

BUCKLING AMPLITUDE .215. INCHES

FUNDAMENTAL FREGUCNCY 417.5 HZ

STRES AT POINT DYNAMIC STRES THERMAL STRES * C'LES TO FAILURE

X Y KSI KSI

.0 6.L; 9.371 -i b.'63, 1.32+u5

3. L . 8.460 -24,.342 1.4U+, b
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TABLE V

COMPUTER PROGRAM FOR CALCULATING ELASTIC MODULUS

1 FUNCTION ETEMP(TvIFF)
2 C|I
3 C THIS FUNCTION COMPUTES ELASTIC MODULUS FOR P
4 C ALUMINUM OR TITANIUM ALLOY AS A FUNCTION OF14
5 C TEMPERATURE
6 C

7 C T - INPUT TEMPERATURE -DEG. FS8 C IFF -ALLOY CODE

9 C I 1 TITANIUM
10 C - 2 ALUMINUM
11 C
12 GO TO (100,200),IFF
13 C **************S~

14 C MATERIAL 6AL-4V TITANIUM ANNEALED SHEET
15 C REFERENCE MIL-HDBK-58
16 C TEMPERATURE LIMITATION 800 DEGREES F
17 C RT<T<800 F
18 100 IF(8O0-Ti180,19O.150

-19 190 ETEMP=(1.O30-0.0OO375*T)*16.6E*0
6

20 RETURN
21 C T>800 F
22 180 ETEMP=12.1E+06
23 WRITE(6,333)
24 RETURN

25 C ***************** *********

26 C MATERIAL 7075-T6 SHEET
27 C REFERENCE MIL-HDOK-5B
28 C TEMPERATURE LIMITATION 600 DEGREES F

29 C RT<T<200 F
30 200 IF(200-T)220,210,210
31 210 ETEMP=(1.O20-O.0O030*T)*10.3E+0

6

32 RETURN
33 C 200<T<400 F
34 220 IF(400-T)240,230,230
35 230 ETEMP=(0.96-0.O0G70*(T-20))*T0.3E+

06

36 RETURN
37 C 400<T<600 F
38 240 IF(600-Tl260o250p250
39 250 ETEMP=(0.82-0.OU16*(r-400))*1O.

3 E+0O
40 RETURN
41 C T>600 F
42 260 ETEMP=O,50*10.3E+06
43 WRITE(6,333)
4L4 333 FORMAT(,5X,?UPPER TEMP LIMIT ON ELAST MODULUS',

45 1' EXCEEDED',/)
46 RETURN

S 47 END
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TABLE VI
COMPUTER PROGRAM FOR CALCULATING COEFFICIENT OF THERMAL EXPANSION
1 FUNCTION ALPHA(TPIFF)
2 C
3 C THIS FUNCTION COMPUTES COEFFICIENT OF THERMAL
4 C EXPANSION FOR ALUMINUM OR TITANIUM ALLOY AS A
5 C FUNCTION OF TEMPERATURE
6 C
7 C T - INPUT TEMPERATURE - DEG. F
8 C IFF - ALi.OY CODE
9 C :1 TITANIUM

10 C =2 ALUMINUM
31 C
12 GO TO (100,200),IFF
13 C
1L C MATERIAL 6AL-4V TITANIUM SHEET
15 C ANNJEALED
16 C REFTRENCE %iIL-HDaK-5B :
17 C TEMPERATURE LIMITATION 1000 DEGREFS F

18A C RT<T<200 F
19 100 IF(200-T)180,150#150
20 150 ALPHA(4.L45+0.OC425*T)*1.0E-06
21 RETURN
2? C 200<T<400 F
23 180 IF(400-T)185plqO,190
24 190 ALPHA=(4.A6*.*n25*T)*I.OE-06
25 RETURN
26 C 400<T<1000 F
2? 185 IF(1000-T)195,198,198
29 195 wRITE(6,500)
29 500 FORMAT(A#5XVUPPER TEMP LIMIT ON COEFF OF EXPAN 't
30 I'EXCEEDED'o/)
31 198 ALPHA=5.8E-06
32 RETURN
33 C **************** **************
34 C MATERIAL 7075-T6 SHEET
35 C REFERENCE MIL-HDBK-5B
36 C TEMPERATURE LIMITATION 600 DEGREES F
37 C RT<T<100 F
38 200 IF(100-T)220210P210
39 210 ALPHA=(12.4+0.0O50*T)*l.OE-06
40 RETURN
41 C 100<T<300 F
42 220 IF(300-T)240,230,230
43 230 ALPHA=(12.9+0.00275*(T-1O0))*1.OE-06
44 RETURN
45 C 300<T<400 F
46 240 IF(400-T)260,250,250
47 250 ALPHA=(13.45+O.OO150*(T-300)),OE-O6
48 RETURN
49 C T>400 F
B 260 ALPHA=13.6E-06
51 IF(600-T)280#270@270
52 280 WRITE(6#500)
53 270 RETURN
54 END
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TABLE VII

COMPUTER PROGRAM FOR CALCULATING FATIGUE LIFE I

-' IN

1 SUBROUTINE SN(SDYNSTEMPeTEMPeCTFPIFF)
2 C
3 C THIS SUBROUTINE CALCULATES FATIGUE LIFE FOR
4 C ALUMINUM OR TITANIUM ALLOY AS A FUNCTION OF
5 C TEMPERATURE AND MEAN STRESS. THIS SUBROUTINE
6 C IS BASED ON COUPON FATIGUE TEST DATA AT ROOM

7 C AND ELEVATED TEMPERATURE.
8 C
9 C ROOM TEMPERATURE IS 80 DEG. F

10 C
11 C SOYN - DYNAMIC STRES - KSI (RMS)
12 C STEMP - THERMAL (OR MEAN) STRESS - KSI
13 C TEMP - TEMPERATURE - DEG. F
14 C CTF - LIFE IN CYCLES TO FAILURE
15 C IFF - ALLOY CODE
16 C = I TITANIUM
17 C : 2 ALUMINUM
18 C
19 GO TO($0)0200)PIFF
20 C ****************************************************
21 C MATERIAL 6AL-4V TITANIUM SHEET ANNEALED
22 C TEMPERATURE LIMITATION 600 DEG. F
23 C
24 100 C1=12.58-0.00376*TEMP
25 C2=-5.40+0.00176*TEMP

26 ARF=CI+C2*ALOGOtSDYN-0.1*STtMP)
27 CTF:10.**ARF
28 RETURN
29 C **********************
30 C MATERIAL 7075-T6 ALUMINUM SHEET
31 C TEMPERATURE LIMITATION 300 DEG. F
32 C
33 200 CI.10,89-0.00584*TEMP
34 C2=-4,89+o.o347*TEMP
35 ARF=CI+C2*ALOGIO(SDYN-0.1*STEMP)
36 CTF:10,**ARF
37 RETURN
38 END
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TABLE VIIE

COMPUTER PROGRAM FOR CALCULATING SKIN BUCKLING TEMPERATURE

1 SUBROUTINE CTEMP(TCALPtTOPIFF)
2 C THIS SUBROUTINE CALCULATES SKIN BUCKLING
3 C TEMPERATURE FOR ALUMINUM OR TITANIUM ALLOY
4 C STRUCTURAL PANELS.
5 C

C TCALP - PRODUCT OF BUCKLING TEMPERATURE -4m
7 C AND ALPHA FROM CALLING PROGRAM
8 C TC - BUCKLING TEMPERATURE - DEG F ABOVE
9 C ROOM TEMPERATURE

10 C IFF - ALLOY CODE
11 C = TITANIUM
12 C 2 ALUMINUM
13 C
14 TC"9.
15 GO TO (10OP20O),IFF
16 C *************~***********
17 C MATERIAL 6AL-4V TITANIUM ANNEALED -

18 C TEMPERATURE LIMITA.ION 1000 DEG. F
19 C
20 100 C1=4.'5E-06
21 C2=4.23E-09

22 11 I
23 1 C3=60.*C2+C1
24 TC= 5*SQRT( (C3/C2)*2+4o.TCALPAC2)-.5*C3/C2
25 T=TC+80.
26 IF(T-260.) 50P50#2
27 2 IF(T-360s) 3.3,5
28 3 C1=4.9E-06
29 C2=2.5E-09
30 IxI~l

31 IF(I-2) 1.1.50
32 5 Ca5.80E-06
33 TCZTCALP/C1
34 50 TC=TC
315 RETURN
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TABLE Vill JCONT)

A

36 C
37 c MATERIAL 7075-T6 ALUMINUM ALLOY

38 C TEMPERATURE LIMITATION 600 DEG. F

40 200F1=1Z.4E-06

41 F225,OE-09
42 11:11-1
43 201 F3=80.*F2+Fl
44 TCZ0.5D*SQRT( (P3/F2)**2+-4.0*TCALP/F2)Op050*F

3/F2

45 r:TC+80.A
46-10.

5 0 500 #2 0 2

47 202 IF(T-300.)20
3 P2O3 #2 0 4

48 203 F1=1A.625E-06 K

49 F2=8*75E-09
50 II=II+1
51 IF(II-2)201#201P5OO
52 204 IF(T-400*)20

5 t20 5 v2 O6

53 Z05 F1=13.0E-06
54 F2=1.5E-09

56 IFIII-2)201#201#50U

57 206 F1:13.6E-06
58 TC=TCALP/Fl
59 500 TC=TC
60 RETURN

61 END
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TABLE IX
COMPUTER PROGRAM FOR CALCULATING SECTION PROPERTIES

1 SUBROUTINE PROP(OPTPBH#TAeRJ#GAMAToXIP)
2 C _

3 c SECTION PROPERTIES
4 C IF OPT = 0 ZEE SECTION
5 C IF OPT 2 1 CHANNEL SECTION -

6 C H-- STRINGER HEIGHT# CL To CL
7 C St FLANGE WIDTH
8 C Tz STRINGER THICKNESS
9 C REFERENCE: AFFQL-TP-71-107

10 C WC - WARPING CONSTANT ABOUtT SHEAR CENTERI
11 C GAMAT - WARI'ING CONCSTANT ABOULT ATTACH Pr~T
12 C A - CROSS SECTIONAL AREA
13 C RJ- ST. VENANTS TORSION CONSTANT -J
14 C XIP - POLAR MOMENT OF INERTIA ABOUJT ATTACH POINT
15 IF(OPT) 1.1.2
16 C ZEE STIFFENER
17 1 AzT*(H42.*B)
Is OMH**2*(6.*B+H)19 01T**2(3.*H2.*B
19 Xx1=T*2(03.*Hi/2.
21 D222.*B+T
22 D32*B-T
23 X?12-(T*H*D2*D3)/8.
24 ??12(T/12*1*(8.*B**3+H*T**2)
25 RJ(T**3/3.)*(2o*B+H) -

26 WCTT*B**3*H**2*CB+2.*H)/(12.*(2.*BH))
27 SX2B/2,
28 SZe-H/2. -

29 O4SX**2+SZ**2
30 D04 * A
31 XIP--x~l+ZZI+05)
32 GAMATZWC+!SZ**2)sZZI-2.*SX*S?*XZI+(SX**2)*XXI -

33 RETURN
34 C CHANNEL SECTION
35 2 F=22*B+H
36 XBAP=B**2/F
37 Fl=6.*B+Hj
38 E=3.*B**2/Pl
39 C)(E-XBAR
40 SX=E+(B/2*)
41 S7Z=-H/2. -

42 EX=CX-SX
43 A=T*(H.2**B)
44 F2=3.*H+2.*B
45 XXT=T*(H**2*FlT**2*P2)/12.
46 F3=12.*H*XBAR**2+8.*R**3
47 F4=B-XBFAR
49 F5=8-2.*XBAP
49 ZZI2T*(F3-24.*XBAR*F35*F4+12.*B*F5*T+6.*F4*T**2+T**3)/l2.
50 RJ=T**3*F/3.
51 F6m3.*8+2.*H
52 WC=T*B**3*H**2*F6/(12.*Fl)
53 GAMATMWC+ (SZ**2 )*ZZ1+ (SX**2 )*X)CI
54 F7m(EX**2+SZ**2)*A

51) XIP=(XXI+ZI4F7)
56 RETURN
57 END
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VI - LIMITATIONS

Application of these design procedures should be tempered with a thorough understanding I
of their limitatlions. Certain cf the initial assumptions stated during the analytical dcvelop-

ment were negated by derivation of the empirical relations. However, the limits in the
physicul and environmental parameters of the experimental program then apply to these
design criteria, as itemized below.

A. Ph sical Constraints

The bounds of the test specimen dimensions were used to esta Irish these limitations.
These should be treated only as a guide, since the equations 3nd nomographs are
normally valid beyond these limits. Individual judgment mist be applied in unusual
cases where the constraints are drastically exceeded, particu!arly in case of the design A
charts. The size guidelines are:

o Panel bay width: a =5 to 9 inches

o Panel bay aspect ratio: b/a = 1.5 to 3 -

" Panel skin thickness: h = 0.024 to 0. 063 irch !

B. Environmental Constrai 1

The acoustic environment generally has ivo restrictions with regard to the applicability
of the design criteria. Spectrum levels below 120 dB will normally result in low dynamic
stresses and a long fatigue life. The higher noise levels will generaly re:,ult in non-
linear response, but these effects are included in the design criteria, since many of the
test specimens exhibited a high degree of nonlinearity.

The thermal environment must be nearly uniform over the surfac a of a panel bay. The
skin temperature is limited to the maximum temperature for which the alloys retain
zignificant structural properties. These limiting temperatures are, for the alloys considered:

o 7075-T6 aluminum - 300°F maximum

o 6AI-4V annealed titanium - 600°F maximum

The design life criteria are based only on specific nominal temperatures, iequiring the
use of interpolation for intermediate temperatures. Extrapolation beyond the temperature
imits mo, be permissible to some extent if care is exercised and the further temperature

degradation effects are included. A

Probably the most important restriction to the design method is in the estimation of the
ambient temperature and the state of the structure at this temperature. All thermcl response
relations are referenced to the ambient temperature and the assumption that a state of
stress equilibrium exist, (i.e., no mean stresses). It is impractical at this stage to give

guidelines for estimating the ambient temperature state because it is dependent on factors
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such as the length of time at a uniform temperature and external constraints. It should
be noted that a change in ambient temperature over a short interval constitutes a tempera-
ture change as for as the response relations ore concerned.

C.' External Constraints

The external constraints imposed on the test panels precluded significant thermal expn-
sion of the substructure. This is considered representative of structural applications in
the direct flow path of engine exhausts or other heat sources; where only localized areas
of the structure are heated. The criteria can also be applied to design applications
invoiving gradual heating of an entire structural area (i.e., supersonic aircraft), where all
structure expands at about the same rate. This corresponds to a relaxation of the external
constraints from those considered here. In this case, the thermal buckling amplitudes
and stresses given by the relations delineated herein will result in a conservative design.

It should be noted that the empirical results presented herein are applicable only for the
case of sinxltaneuus application of heat and noise. Alternate application of these environ-
ments, wherein significant thermal stress ccles are incurred, were not considered in this
program.

5
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APPENDIX I .

GENERAL EXPRESSIONS FOR STIFFENER GEOMETRIC PROPERTIES

(From Reference 3) Aa

The geometric parameters defined here are developed in terms of a centroidal (x, y, z)
coordinate system. General expressions for the cross-sectional area, the area moments,
torsion constant, and warping constants are presented for zee and channel cross-section 1

shapes. These parameters are defined as follows:

x - the location of the centroid

e - the location of the shear center A

A the cross-sectiona| area

I xx= • I J xzdA Izz x dA

A A AfA A
+ x)2 dA (St. Venant's Torsion -j (f - z Constant) I

R~ xq~dA Rzd y dA
A A A -

where 4(x,z) is the warping function for the cross-section with the pole taken as the
shear center.

-I

NOTE: The Symbols used in this appendix ore applicable only for this section. Since
they are defined here or in the following pages, they ure not 'n( luded in the List of
Symbols.
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kbA

A~ t(h +2b)

t 2 2Ix -[h (6b h)+t (3h+2b)3
th 2

I= -- (2b + t)(2b -t)

3 1
I [8b + ht

zz12(2+h

V I3
FIGURE I I GEOMETRIC PROPERTIES -ZEE SECTION

(FROM REFERENCE 3)I
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b b/(2b + h)

e 3b /(6b + h)

A =t(h + 2b) + I4-h

I t 2 b 2 (b -)+1bb-2~+ ( ~t

1 30

I .j = t3(2b + h)
32

r0  tb h (3b + 2h)

Ez

t =0

NOTE: For warping constants, the pole is taken at the shear center.

FIGURE 1 - 2 GEOMETRIC PROPERTIES -CHANNEL SECTION
(FROM REFERENCE 3)
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I3. ADSTRACI

An analytical and experimental program w~an conducted to develop acoustic fatigue
design criteria for aircraft structures subjected to intense noise in a high tempera-
ture environment. Equations for the dynamic response of a buckled panel were
formulated for simply supported boundary conditions using large deflectinn plate
theory. Random amplitude acoustic fatigue testing of representative aircraft structu e
was accomplished at temperatures up to 60001i' to provide data for correlation with
the analytical results. Empirical design criteria were developed in the form of
equations and nomographa for predicting the thermal and dynamic response of aircraft
structur-ee subjected to combined environments. The empirical design criteria are
presented in handbook format for design use; examples and computer programs are
also presented.
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Acouatic Fatigue 1
Dynamic Responne
Structural Design
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